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Summary 

The patterns of coral recruitment along environmental gradients in relation to coral and fish 

communities, in reference to historical, sedimentation, and water quality data were determined. 

Changes on the reef in relation to changes on the watershed were evaluated. From our evaluation 

of past, present and projected future condition of the coral reefs of Pelekane Bay we find that the 

historical reef decline has been subsiding, offering support of local action strategies including 

regulatory initiatives and watershed restoration. Abundance and diversity of reef fishes has 

increased since 1996 and coral decline has stabilized. Coral recruitment patterns show 

substantially lower levels in inshore waters. This is supported by manipulative lab experiments 

showing larval settlement blockage under very low levels of fine sediments. Results of water 

quality analysis and field assessment suggest no substantial change in offshore water quality 

from 2010 to 2014. Moreover, greater observed coral settlement offshore remained steady across 

years suggesting no immediate threat from land-based sedimentation.  The potential threat from 

existing mud deposits adjacent to excellent coral reefs appears to be minimal. 

Baselines have been set for 34 sites within the Kawaihae/Pelekane region that will be valuable in 

evaluation of changes in the future in response to further natural and anthropogenic impacts and 

management strategies.  This highly successful project produced five peer-reviewed journal 

articles. Outreach components include 12 venues that reached members of science, academia, 

and management.  All goals and objectives proposed have been met or exceeded. 

1. Problem Statement 

The marine environment of Pelekane Bay has been severely impacted by the construction of the 

neighboring Kawaihae Harbor in the 1950’s and subsequent changes in land use throughout the 

bay’s watershed.  Sedimentation and other forms of land-based pollution have led to declines in 

water quality and coral reef ecosystem health over the last two decades (Tissot 1998). The 

Kohala Watershed Partnership was awarded $2.69 million from NOAA's Restoration Center as 

part of the American Recovery and Reinvestment Act (ARRA) of 2009 to stabilize soil and 

improve land use practices on the Pelekane Bay watershed.  This work has been completed and 

various upland watershed management activities are ongoing that will reduce land-based sources 

of pollution into Pelekane Bay.  There is a need to determine the efficacy of land restoration and 

reef recovery.  The emerging South Kohala Conservation Action Plan (SKCAP) has identified a 

number of “Target” areas that will require scientific input on the condition of the reefs.   

 

2. Goals and Objectives 

A number of questions must be answered in order to (1) evaluate the effectiveness of the 

terrestrial watershed remediation efforts in relationship to reef recovery; (2) to understand the 

potential of the local marine ecosystem to recover; and (3) to understand the potential threat that 

existing mud deposits pose to adjacent, relatively pristine coral reef ecosystems.  This project 

made use of an extensive existing database coupled with additional work on coral recruitment 

patterns to address these questions and establish a framework to evaluate the success of 

restoration efforts. The results of this program provide resource managers with information 

relevant to other watershed restoration efforts currently being planned in neighboring 

watersheds.  All anticipated results and deliverables have been completed in accordance with the 

proposal work plan. 
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3. Management Relevance 

This project addresses the following goals and objectives as described in local, state and national 

coral reef management documents. It addresses the Hawai‘i’s Coral Reef Strategy Objective 1: 

Reduce key anthropogenic threats to two priority nearshore coral reef sites by 2015 and five by 

2020 using ahupua’a based management. The extensive database from 34 stations within 

Pelekane Bay is crucial to creating initial baseline data on marine coral, algal and fish 

communities and will serve to evaluate watershed restoration efforts for development of 

management strategies in the Kawaihae/Pelekane ahupua‘a. It also addresses Hawaii’s LAS-

LBPS Goal: Reduce land-based pollution to improve coastal water quality and coral reef 

ecosystem function and health, Objective 1: Reduce pollutant load to surface water and 

groundwater through site-specific actions and best management practices.  This research meets 

this objective by determining the pattern of recruitment as a viable indicator of recovery by 

examining patterns of coral recruitment along environmental gradients in relation to coral and 

fish communities throughout the area in reference to historical, sedimentation, and water quality 

data. A focus on documenting change on the reef in relation to changes on the watershed can 

support management strategies to improve water quality. In addition it addresses NOAA’s Coral 

Reef Conservation Program Goal 1: Reduce pollutant loading from watersheds to priority coral 

reef ecosystems, Objective 1.3: Implement watershed management plans and relevant local 

action strategy within priority coral reef ecosystems and associated watershed to improve coral 

reef ecosystem resilience. This research occurred within one of the local action strategy priority 

regions and will add to the foundational evidence needed to develop sound management 

decisions. 

This project is also directed at meeting some of the priority needs of the South Kohala 

Conservation Action Plan (SKCAP).  The database and other information that we have collected 

as part of this project will allow us to provide the information required by the following SKCAP 

“Target Areas”: 1.Coastal-marine Food Resources, 2. Coral Reef Ecosystems, 3. Native Reef 

Herbivores and 4. Native Reef Predators.  Restoration of the Pelekane Bay watershed and 

recovery of the adjacent reef is a key element of the SKCAP discussions.  This research can help 

meet the needs of SKCAP for a scientific assessment of the resource while laying the foundation 

for future assessments of the efficacy of conservation measures.  

 

4. Project Description 

This project is directed at establishing past, present and future condition for reefs of Pelekane 

Bay and south Kohala, Hawai’i.  The PI and his associates have developed a large database on 

this region over the past two decades through a series of research programs in this area.  This 

includes studies associated with the construction of the small boat harbor and coral 

transplantation at Kawaihae from 1996 through 1998 (Jokiel et al. 1999).  In 1999, the Coral 

Reef Assessment and Monitoring Program (CRAMP) set up long-term permanent baseline 

transects off Kawaihae to determine any changes over time where monitoring continues.  Rapid 

assessment transects in Pelekane Bay were conducted in 2002.  In addition, an extensive survey 

of the region was undertaken to ground truth satellite images for the NOAA coral reef mapping 

program (2000-2008).  In 2009, a collaborative project was initiated in collaboration with NMFS 

to evaluate the effect of sedimentation on reef fisheries (DeMartini et al. 2013).  The PI in 

collaboration with USGS undertook a major 1-year Hawai’i Coral Reef Initiative (HCRI) project 

involving detailed measurement of biological and physical characteristics of the Pelekane region.  
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This sediment transport and water quality work (Storlazzi et al. 2012) along with the biological 

results (DeMaritini et al. 2013) have recently been published.  We have now compiled extensive 

data on the biology of Pelekane Bay and South Kohala which includes growth rates of corals, 

rates of coral mortality, distribution and abundance of corals and fishes throughout the region in 

relation to sedimentation, and impact of sediment on fish recruitment. 

 

5.1 Objective (1): To evaluate the effectiveness of the terrestrial watershed remediation 

efforts in relationship to reef recovery. 

a) Photo Documentation 

Conditions at Pelekane Bay following a January 2014 heavy rain event were assessed through 

photo documentation and shoreline surveys. Aerial images of the Bay and adjacent areas were 

obtained through helicopter surveys.  Interviews with NPS rangers concerning the January storm 

flood and impact on the reef were conducted. 

 

b) Data Synthesis and Resurveys 

For a historical reference we synthesized a large amount of data on sedimentation and water 

quality.  Using this data and revisiting previously established transects, we have published on 30 

years of change in Pelekane Bay.  Historical studies describing the Pelekane Bay coral reef 

communities (Chaney et al. 1977, Tissot 1998) were resurveyed using similar methodology to 

document changes over time (Fig. 1).  Recent surveys help to determine the efficacy of land 

restoration and reef recovery in the watershed.  Resurveys were conducted and results submitted 

to a peer reviewed journal that was subsequently published in PeerJ during the project period 

(see full article: Appendix I). 
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Figure 1. Study sites in Pelekane Bay surveyed in 1977, 1998, and 2012. Sites F1-8 depicts 

Demartini et al. 2013 sites. 

 

Stender Y, Jokiel PL, and Rodgers KS. 2014. Thirty Years of Coral Reef Change in Relation to 

Coastal Construction and Increased Sedimentation at Pelekane Bay, Hawai‘i. PeerJ DOI 

10.7717/peerj.300. 

 

Abstract: Coral reefs are being critically impacted by anthropogenic processes throughout the 

world. Long term monitoring is essential to the understanding of coral reef response to human 

impacts and the effectiveness of corrective management efforts. Here we reevaluated a valuable 

coral reef baseline established in Pelekane Bay, Hawai‘i during 1976 and subsequently 

resurveyed in 1996. During this time interval substantial impacts occurred followed by extensive 

corrective measures. Coral and fish communities showed dramatic declines from 1977 to 1996 

due to massive harbor construction and suboptimal land management practices on the watershed. 

More recently, corrective measures in the form of watershed stabilization and fishing regulations 

have been implemented. Consequently our 2012 survey reveals that coral cover since 1996 has 

increased slightly accompanied by a significant increase in fish abundance, diversity, and 

evenness. This improvement can be attributed to lower fishing pressure since 1996 due to 

reduced shoreline access, tighter fishing regulations and increased monitoring of legal and illegal 

fishing activities. Stabilization of the coral community can be attributed partially to reduced 

sedimentation resulting from watershed restoration that included installation of sediment check 

dams, control of feral ungulates, controlled grazing and replanting of native vegetation. Insight 

into the mechanism that removes sediment from reefs was provided by a major storm event and a 

tsunami that remobilized and flushed out sediment deposits. The increase in herbivorous fishes 

probably played a role in reducing algal competition in favor of corals. The data suggest that the 

precipitous reef decline in this area has been arrested and offers support for the corrective actions 

previously undertaken. 

 

Summary of Findings 

Results show fish assemblage abundance, richness, and diversity in Pelekane Bay has improved 

over the past 16 years following a severe decline between 1976 and 1996.  Our data also show an 

increased abundance of herbivores.  This pattern is supported by results of a 2005 survey by U.S. 

National Park Service Inventory and Monitoring Program (Beets et al. 2010).  Species 

composition has shifted relative to the 1976 survey but remains similar to that observed in 2005.  

Results of the present survey are also in agreement with the findings of DeMartini et al. (2013) 

who demonstrated a significant positive effect of improved habitat (lower sediment accumulation 

and greater availability of branching corals) on the density of juvenile parrotfishes (Fig. 1).  The 

same pattern of increasing fish abundance along a gradient of improving habitat was shown in 

our study as well as the study by Beets et al. (2010). 

 

This study showed stabilization and perhaps a slight increase in coral cover since 1996 following 

a substantial reduction between 1976 and 1996.  The increase in herbivorous fishes has likely 

helped the coral population by reducing algal competition in favor of corals.  Since 1996 there 

have been substantial changes at Pelekane Bay that may explain the increases in fish populations.  

A public county road that formerly ran along the coastline was realigned at a higher elevation in 
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1996 in order to restore the shoreline to conditions that existed at the time when the historic 

Pu‘ukoholā temple was dedicated.  Removal of the road limited shoreline accessibility.  New 

rules restricted camping to Spencer Beach Park at the south end of Pelekane Bay, which resulted 

in, lowered fishing pressure in the study area.  In addition, a new NPS visitor information center 

was built in 2007.  The visitor center is located close to the bay with an overlook complete with 

telescopes that allows for constant observation of the reefs by visitors and rangers.  Rangers now 

conduct patrols along the shoreline as part of their duty.  Access to Pelekane Bay from the harbor 

area to the north was further restricted in 2011 due to increased harbor security under the 

Homeland Security Program at Kawaihae Harbor following the terrorist attack of Sept. 11, 2001.  

The establishment of nearby marine protected areas designated by the State of Hawai‘i in 1998 

may also have contributed to the increase in fish populations.  In select regions, the West 

Hawai‘i Fisheries Management Areas (FMAs) and Fisheries Replenishment Areas (FRAs) were 

designed to limit high take methods of fishing, create fish reserves.  Marine protected areas 

(MPAs) act as fish refuges with research demonstrating an increase in the number and size and 

connectivity within and between reserves (Friedlander et al. 2010).  Areas adjacent to reserves 

benefit as fishes move in and out of the area and “spill-over” into nearby regions (Birkeland and 

Friedlander 2001).  The “spill-over” effect was particularly significant for resource fishes 

including parrotfishes in Hawai‘i (Stamoulis and Freidlander 2012).  Although fishing is still 

permitted by law, Pelekane Bay has developed into a de facto marine protected area due to more 

limited access. 

 

A seasonal effect among the three survey periods is most likely minimal relative to inter-annual 

differences in the overall fish abundance.  For example, inter-annual variability of recruit 

abundance in Hawai‘i is greater than the seasonal variability (Walsh 1987).  Lunar differences in 

recruitment and spawning periodicity have been reported for several species in Hawai‘i (Walsh 

1987), but the three surveys used in the present analysis were conducted on multiple days with 

varying moon phases within each year.  The potential effect of lunar phase on overall fish 

abundances were averaged and not biased towards new or full moon when recruitment and 

spawning are reported to occur for some species.   

 

Results of the extensive studies by Storlazzi et al. (2013) and DeMartini et al. (2013) indicated 

that the turbidity, sediment cover and sediment accumulation rate are highest near the sediment 

source (stream mouth) and decrease on the reef with increasing distance from the stream mouth.  

Our study is in agreement with these observations.  Biotic factors show an inverse relationship to 

this sediment pattern with the lowest rugosity, coral cover, coral richness, fish abundance, fish 

diversity, and evenness increasing with distance from the stream mouth.  Pelekane Bay has a 

long history of chronic land-based influences including sedimentation and resuspension, which 

has affected coral reef recovery.  Substantial sediment accumulation between 1928 and 2011 has 

occurred in Pelekane Bay (Storlazzi et al. 2013).  Comparison of bathymetry over this time 

period revealed that 22,489 to 37,483 m-3 of sediment was deposited that resulted in a shoaling 

of 0.41 to 0.61 m during this time interval.  Nevertheless natural resilience of reef ecosystems 

can facilitate recovery (Nyström and Folke 2000).  Full recovery to pre-disturbance levels may 

be an extended process, requiring many more decades.  Even though the reefs have been 

damaged, our data show that further decline can be stopped and recovery can begin once 

stressors are reduced.  Such damaged reefs may be prime candidates for restoration activities 
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because at this point on the degradation curve a slight improvement in the environment may 

result in a greater improvement in coral and fish assemblages than might be observed from 

similar restorative effort on a mildly stressed reef.  Our conclusion is that watershed restoration 

projects, reduced fishing pressure, and increases in marine protected areas in adjacent regions 

have allowed for partial recovery of fish populations since the Tissot (1998) surveys.     

 

The community structure of the Pelekane Bay reef over the past two centuries apparently has 

changed in a manner that results in tolerance resistance to severe impacts including storm events 

and land-based sedimentation.  Results of this survey show that the Pelekane Bay reef has the 

ability to absorb severe disturbance while continuing to maintain functional capacities.  Factors 

that can affect reef resilience include improved water and substrate quality (Wolanski et al. 

2004), herbivore abundance, stable coral cover, and species and habitat diversity (McClanahan et 

al. 2012).  These factors have all improved since the previous survey.  Recent change in the reef 

community of Pelekane Bay exemplified the positive effects of an integrated approach of 

watershed management and acute wave disturbances on mitigating local human impacts. 

The long-term data set that now exists for Pelekane Bay will be valuable in the future for 

continued assessment of reef community response to environmental change and improved 

management strategies.  Continued monitoring and expansion of the original dataset will allow 

evaluation of relationships between abiotic and biotic factors.  These data can be used to examine 

ecological trends and patterns in response to human and natural impact. 

 

c) Statewide Monitoring Efforts 

Our continued efforts in documenting the changes on the reef in relation to changes on the 

watershed have culminated in a publication on long-term monitoring. 

 

Rodgers KS, Jokiel PL, Brown EK, Hau S, and Russell Sparks R. 2014. Over a Decade of 

Change in Spatial and Temporal Dynamics in Hawaiian Coral Reef Communities. Pacific 

Science Early View. 

 

Abstract: The Hawai‘i Coral Reef Assessment and Monitoring Program (CRAMP) was 

established in 1999 to describe spatial and temporal variation in Hawaiian coral reef 

communities in relation to natural and anthropogenic factors. In this study, we analyze changes 

over a 14 year period (1999 to 2012) based on data from 60 permanent reef stations at 30 sites in 

the main Hawaiian Islands. Overall mean statewide coral cover, richness, and diversity did not 

vary significantly since initial surveys, although local variations in coral cover trends were 

detected. The greatest proportion of stations with significant declines in coral cover was found 

on the island of Maui (0.40) while Hawai‘i Island had the highest proportion of stations with 

significant increases (0.58). Trends in coral cover at some stations varied over time due to acute 

(e.g. crown of thorns outbreak) and chronic (e.g. sedimentation) disturbances. Stations with 

increasing coral cover with the potential for recovery from disturbances were identified for 

possible management actions in the face of future climate change. The Hawaiian archipelago, 

located in the center of the subtropical Pacific, has experienced a temporary reprieve of slight 

cooling due to a downturn of temperature since 1998 at the end of the last cycle of the Pacific 

Decadal Oscillation (PDO). However, temperatures have been steadily increasing over the past 

several decades and models predict more severe bleaching events to increase in frequency and 
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intensity in coming decades with concomitant decline in Hawaiian corals. Trends reported in this 

study provide a baseline that can later be used to test this predicted decline associated with future 

warming. 

  

Summary of findings in the Pelekane/Kawaihae area 

This study focused on station-specific trends since CRAMP was started in 1999 (Fig. 2). 

Identifying stations that are improving or stable despite perceived natural and anthropogenic 

variations will be crucial to direct management strategies in the face of future climate change. 

The main Hawaiian Islands occupy a unique geographic position in an area of the north-central 

Pacific that has escaped major bleaching events (Burke et al. 2011) as well as rapid sea level rise 

(Leuliette 2012) over the past decade. The long-term trend of increasing water temperature in 

Hawaiian waters, however, indicates that Hawai‘i may not be buffered indefinitely from these 

climatic events. In addition, projected changes in the ocean chemistry due to ocean acidification 

will have profound effects on reef areas globally and in Hawai‘i unless carbon emissions are 

reduced substantially (Hoegh-Guldberg et al. 2007). Consequently, it is imperative that reefs be 

identified that appear to be more resistant and/or resilient to these perturbations. Several of the 

stations in this study such as many of the shallow stations on Hawai‘i Island appear to fit these 

criteria and could act as source populations.  
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Figure 2. Map of CRAMP sites in the state of Hawai‘i. Solid arrows indicate statistically 

significant trends. Size of arrows are correlated with the size of the change in coral cover. 

Direction of arrow indicates the direction of the change (up arrow shows increase). 

 

Many stations on the island of Hawai‘i experienced an overall increase in coral cover during the 

study period as indicated by the positive regression slopes in percent coral cover (Fig. 2). The 

exceptions were the two stations at Kawaihae along the northern section of the West Hawai‘i 

coastline. These results are in agreement with data from the Division of Aquatic Resources 

(DAR) West Hawai‘i Aquarium Project (WHAP) that has developed extensive spatial and 

temporal data coverage at 24 sites along the West Hawai‘i coastline. WHAP results showed a 

significant decline in coral cover since 2003 at six of their seven northern sites that encompass 

the West Hawai‘i coastline (Walsh et al. 2009). In addition, DAR and the Nature Conservancy 

found drastic declines in reef fishes and associated coral habitat when reviewing historical and 

recent data at sites near Kawaihae, West Hawai‘i (Minton et al. 2012). Minton et al. (2012) 

found that contributing factors included a decrease in vegetation cover in the adjacent watersheds 

due to a reduction in rainfall over the past nine years that increased sediment deposition on 

nearshore reefs. Survey plots in the Pelekane Bay Watershed above the Kawaihae site also 

showed a decline in vegetation as drought conditions progressed (The Kohala Center 2011). 

Major sedimentation events occurred during periods of high rainfall (USGS 2006, 2013). 

 

The 1999–2000 CRAMP baseline established reliable reference points to evaluate coral cover 

statewide over time.  In addition, comparative studies at the onset (e.g. Brown 2004, Brown et al. 

2004) enabled the program to examine earlier temporal data sets at a larger spatial than had been 

previously attempted. This present study documented the trends at individual stations and found 

similar levels of improving and declining reefs suggesting that overall statewide coral cover and 

diversity has remained relatively stable since the initial CRAMP survey. The key strategy will be 

focusing management efforts on the stations that have been declining in a chronic fashion. Even 

though many of these reefs may have already been in a degraded state when CRAMP was 

initiated, the current results will set a new baseline for assessing future declines and potential 

recovery at reefs targeted for management actions. 

 

5.2 Objective (2): To understand the potential of the local marine ecosystem to recover. 

 

a) Coral recruitment patterns along a sediment gradient 
One of the best short-term indicators of environmental change and recovery is the pattern of 

coral recruitment in relation to land-derived sedimentation.  Coral larvae and recruits are 

sensitive to sediment impacts and other anthropogenic changes in addition to natural variability.  

Larval production, settlement, and recruitment are crucial biological processes maintaining the 

population structures for the preservation of coral reefs.  A major focus of this study is therefore 

quantifying coral settlement and environmental factors influencing coral recruitment to assess (1) 

early settlement patterns along environmental regimes, (2) how settlement rates may vary 

between years, and (3) how early settlement patterns may be related to characteristics of existing 

benthic habitat and community.  This data will help establish information on early settlement 

patterns along environmental regimes, how settlement rates vary temporally, and how early 

settlement patterns may be related to characteristics of established communities. 
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Coral settlement and recruitment are crucial processes for long-term preservation and integrity of 

coral reef ecosystems.  Successful settlement and recruitment depend upon habitat quality and 

environmental factors such as sedimentation, available light, salinity, temperature, substrate, 

surface rugosity, and current patterns.  Early settlers and recruits are especially vulnerable to 

environmental degradation and unsuitable habitats impacted by human-induced processes.  Reef 

habitat and water quality in Pelekane Bay has been subjected to major alteration and multiple 

stressors including human-induced changes in water circulation and land-based sedimentation.  

In our previous study, the greater number of early coral settlers was found on the offshore reef 

than on the inshore reef at where water is poorly circulated and murky near the stream mouth.  

Percentage of live tissue and growth rate of corals that are commonly found in Pelekane Bay also 

decreased closer to the stream mouth where water quality is not favorable.  We repeated the coral 

settlement studies to better understand patterns of Hawaiian coral settlers, their response to 

human impacts and environmental conditions, and to continue monitoring as long-term 

information is essential to the effectiveness of corrective management effort in the South Kohala 

region. 

 

Methods 

The primary study area includes the Pelekane Bay and Kawaihae areas (Fig. 3).  Eight stations 

were established at a mean depth of 1.5, 5, and 15 m.  Six of these stations were established 

primarily in the vicinity of USGS geologic instrument locations deployed between the winter of 

2010 and 2011 along the sediment gradient.  These stations included five sampling sites within a 

radius of approximately 250 m from the instrument package.  Two nearest stations to the 

shoreline included six and four sites.  Ten of these 40 sites were established and surveyed by The 

Nature Conservancy in 2010.  Sites were accessed from both shoreline and from a small vessel. 
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Figure 3. Map of sampling stations with detailed inset of stations within Pelekane Bay and Puakō 

where recruitment arrays were deployed, surveys conducted, and water quality measurements 

taken in 2011 and 2014. 

 

Environmental Conditions 

Sediment and water quality data were collected to define a gradient of habitat conditions upon 

the deployment and retrieval of settlement tiles in 2011 and again prior to and following tile 

deployment and removal in 2014.  Water quality parameters collected in 2011 included pH, 

temperature, salinity (conductivity), dissolved oxygen and turbidity and Photosyntheically 
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Active Radiation (PAR), while PAR and turbidity were measured in 2014.  Water quality 

parameters were measured with a multi-parameter meter YSI 6920 V2 SONDE at deployment 

sites above the sea floor during sample collection.  PAR was measured using a portable light 

meter LI-COR LI-250A with an underwater quantum-sensor.  Bulk sediment samples were 

collected manually for composition and grain size analysis at each deployment site if sediment 

was present.  Additionally PAR and suspended solid concentration were measured at each of 37 

sites in 2014.  Two 1L-seawater samples were manually collected near the seafloor at each site in 

May and September, 2014.  Samples were vacuum-filtered through pre-weighed Whatman 

47mm GF/F 0.7μm glass microfiber filters immediately following sampling.  Filters were then 

air-dried for at least a week and weighed on a Mettler Toledo X54035 microbalance on three 

separate days to obtain an average weight. 

 

Coral Settlement 

Settlement data were collected by using the following methods in 2011 and were replicated in 

the 2014 study.  A set of two unglazed terracotta tiles (10 cm x 9.7 cm) was assembled and 

attached to a PVC post (Fig. 4).  Recruitment arrays were deployed at 34 randomly selected sites 

stratified by depth (ranging between 1.5 and 15 m) and proximity from the stream mouth (Fig. 3) 

prior to the start of the summer reproductive season (June-August).     

 

 

 
Figure 4. Unglazed terracotta tiles assembled in an array as a settlement platform at each of the 

34 sampling stations. 

 

Three arrays were placed at each sampling site along a 25-m transect in each year (n=204).  To 

replicate the recruitment study in 2011, arrays were deployed in late April in 2014, and retrieved 

in September of 2014.  Retrieved tiles were processed following Brown et al. (2007) to remove 

sediment and fleshy tissues of settled organisms by soaking tiles in 10% household bleach 

solution for 24 hours.  Tiles were gently rinsed with flowing fresh water then air-dried for 

subsequent visual examination.  Analysis of settlement tiles was conducted in the laboratory 

using a Carl Zeiss Stemi 2000-C stereomicroscope to determine the abundance of settlers and 

their positions on the plate surfaces.  Individual coral settlers were counted and identified to 

genus level according to morphological characteristics of skeletons (Fig. 5).  An individual was 
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recorded as unidentified when its skeletal structure was not developed enough for positive 

identification.  A settler, which did not follow the skeletal morphology of a known genus, was 

also recorded as an unidentified individual.     

 

 
 

Figure 5. Coral recruit as seen under dissecting microscope. 

 

Data Analysis 

Data sets collected between 2010 and 2014 were integrated and analyzed for this study.  A 

gradient of environmental conditions was characterized and established by use of a Principal 

Component Analysis (PCA) using a linear combination of correlated water quality and habitat 

metrics.  Descriptive statistics of coral settlement were summarized using data from horizontally-

oriented tile sets retrieved at 42 sites across years.  Settlement data collected in 2011 and 2014 

from 34 sites were statistically analyzed using a Generalized Linear Model (GLM) with the 

negative binomial distribution (Zuur et al. 2009) in R version 3.1.1.  This was to examine the 

distribution pattern in relation to environmental conditions and variation between years, 

accounting for non-linearity and the appearance of frequent zeros in the count data.  Performance 

of four non-linear statistical models, including a Poisson GLM (PGLM), Negative Binomial 

GLM (NBGLM), Zero-inflated Poisson mixture model (ZIP), and Zero-inflated NB mixture 

model (ZINB), were first compared to evaluate the assumption of no overdispersion (the 

variance and mean are equal for the Poisson distribution) and a relative importance of zero 

counts using values of the overdispersion parameters and Akaike Information Criterion (AIC).  

Settlement data from Puako (five sites of S15 in 2011 and three sites in 2014) were not included 

in the statistical tests as no associated environmental data for S15 sites were available and 

settlement arrays were either missing or had been rearranged.   The spatial distribution of coral 

settlers was visually represented using ArcGIS 10.1.  

 

Results 

Environmental Conditions 

The first three principle components explained about 77% of the variability among study sites.  

These sites were separated into two primary environmental regimes along the first principle 

component (PC1).  Temperature, salinity, a light extinction coefficient, and depth were strongly 

correlated with PC1, which explained 43% of the variation in the environmental data collected at 
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study sites.   Temperature made the greatest contribution followed by salinity, light extinction 

coefficient, and depth.  Turbidity, pH, and rugosity were correlated to the second principle 

component (PC2) accounting for 17% of the remaining variation.  Turbidity was the greatest 

contributor in relation to PC2.   Rugosity and pH correlated with the third component accounting 

for about 17% of the remaining variation. Sites located relatively close to the stream mouth were 

clustered while sites distant from the shoreline formed another cluster along PC1 and PC2.  

Shallow (< 2.5 m) inshore sites were generally characterized by warmer temperature, lower 

salinity, higher light extinction coefficient, higher turbidity, and lower pH than deeper (3-15 m) 

offshore sites.  Sites were aggregated and will hereafter be referred as “inshore” and “offshore” 

sites (Table 1) based on this analysis for the remainder of this document.      

 
Table 1.  Primary sampling sites for coral settlement characterized by 

environmental types in Pelekane and Kawaihae area in 2011 and 2014.  

Geographic coordinates of sites are expressed in decimal degree (dd). 

Site Station Environment Latitude (dd) Longitude (dd) 

F3 C2 Inshore 20.02656 -155.82463 

F4 C2 Inshore 20.02601 -155.82456 

F5 C2 Inshore 20.02540 -155.82452 

PEL_54 C2 Inshore 20.02673 -155.82540 

PES_19 C2 Inshore 20.02432 -155.82522 

PES_33 C2 Inshore 20.02647 -155.82748 

F6 F Inshore 20.02495 -155.82452 

F7 F Inshore 20.02445 -155.82447 

F8 F Inshore 20.02396 -155.82447 

C15_1 C15 Offshore 20.01864 -155.83183 

C15_2 C15 Offshore 20.01838 -155.83248 

C15_4 C15 Offshore 20.02137 -155.83166 

C15_5 C15 Offshore 20.02069 -155.83124 

PEL_37 C15 Offshore 20.02016 -155.83146 

C5_1 C5 Offshore 20.02335 -155.82859 

C5_2 C5 Offshore 20.02453 -155.82906 

PEL_11 C5 Offshore 20.02189 -155.82708 

PEL_28 C5 Offshore 20.02512 -155.82868 

PEL_44 C5 Offshore 20.02287 -155.82786 

N15_1 N15 Offshore 20.02783 -155.83611 

N15_2 N15 Offshore 20.02926 -155.83644 

N15_3 N15 Offshore 20.03094 -155.83603 

N15_4 N15 Offshore 20.02919 -155.83538 

PEL_29 N15 Offshore 20.02775 -155.83534 

N5_1 N5 Offshore 20.02761 -155.83302 

N5_2 N5 Offshore 20.02654 -155.83209 

N5_3 N5 Offshore 20.02628 -155.83160 

PEL_03 N5 Offshore 20.02673 -155.83305 
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PEL_50 N5 Offshore 20.02853 -155.83280 

S5_1 S5 Offshore 20.00961 -155.82716 

S5_2 S5 Offshore 20.01034 -155.82672 

S5_3 S5 Offshore 20.01084 -155.82675 

S5_4 S5 Offshore 20.01171 -155.82694 

S5_5 S5 Offshore 20.01241 -155.82624 

 

Coral Settlement 

Total number of coral settlement was 761 individuals across all existing sites between 2010, 

2011, and 2014.  About 75-85% of total coral settlement occurred on the bottom surface of lower 

tiles and edges of tiles in 2011 and 2014 across all sites (Fig. 6).  In 2011 and 2014, predominant 

genus included Porites, Pocillopora, and Montipora.  Poritids accounting for about 55 – 80% of 

total settlement in both inshore and offshore environments (Fig. 7). 

 
Figure 6.  Proportion of settlers on different tile surfaces.  Total number of settlers are indicated 

on the X axis in parentheses. 
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Figure 7.  Proportion of settlers by genus, environment, and year. 

 

Overall, the average coral settlement rate was 58.8 ± 62.9 s.d.m. m-
2
year

-1
 for the South Kohala 

region including Pelekane Bay, Kawaihae, and Puakō areas.  Considerable differences in coral 

settlement were observed between inshore and offshore environments (Fig. 8) regardless of large 

Coefficient of Variation (Table 2).  Total number of individuals and mean settlement were 

substantially less for inshore (51 and 14.3 m-
2
year

-1
) than offshore environment (710 and 78.3 m-

2year-1
).

  
A small difference in total number of individuals and mean settlement was found 

between 2011 and 2014 (Table 3).  Coefficient of Variation was similar between environmental 

conditions within a same year while there were some variations between 2011 and 2014 (Table 

4).  

 
Table 2.  Descriptive statistics summary of coral settlement aggregated by environmental conditions.  The unit of 

values is m-
2
year-

1
. 

Environment N 

Total 

settlement Min mean  Max mean  Grand Mean  CV (%) 

Inshore  25 51 0.0 61.2 14.3 110 

Offshore 57 710 0.0 251.7 78.3 84 

 

 

Table 3.  Descriptive statistics summary of coral settlement aggregated by year.  The unit of values is m-
2
year-

1
. 

Year N 

Total 

settlement Min mean  Max mean  Grand Mean  CV (%) 

2010 7 6 0.0 40.8 7.3 209 
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